INTRODUCTION
In April 1967, two submariners, wearing the present submarine deck exposure suits shown in Figure 1 , were swept overboard in 38°F water. Within minutes lines were thrown to them; however, neither man was capable of helping himself. A swimmer, who went in the water to rescue them, was paralyzed from the shock of the cold water and had to be pulled out after only four minutes in the water. This case tragically points out a serious material shortcoming within the submarine forces -the lack of adequate immersion exposure protection against cold water. The present submarine deck exposure suit is not effective protection against cold water. Although designed not to leak, nevertheless it does and the water entering the suit rapidly soaks the foul weather gear worn underneath.
The only anti-exposure protection currently available to submariners are swimmer's wet suits. However, wet suits are not the optimum solution, as they are of limited effectiveness in cold air and are not durable enough to withstand the everyday wear and tear of submarine use. Furthermore, as wet suits must be reasonably close-fitting, it would be impractical to provide a wet suit for each potential user.
The most practical solution to the submarine immersion exposure problem is a concept similar to that being designed for Naval aviators. This concept consists of a loose-fitting wet suit, shown in Figure 2 , which uses Polyvinylchloride (PVC) foam as the insulating material. PVC is similar to the foam neoprene used in swimmers' wet suits in that it depends upon air bubbles trapped within it for its distinctive insulating qualities. PVC is also inherently buoyant as shown in Figure 3 .
The Submarine Safety Center has recently started a technical evaluation of a PVC exposure suit made by a private concern. This suit has approximately thirty pounds of positive buoyancy and a waterproof outer coating. It is lightweight and can serve as very effective foul weather equipment, a life preserver and anti-exposure suit in the event of a man overboard. Before final recommendation of this suit to the Submarine Force Commanders, the Submarine Safety Center requested that the Submarine Medical Center undertake an investigation to determine how long men could be expected to survive under various environmental conditions using the "Empress" Polyvinylchloride exposure suit. The specific extreme environmental conditions encountered during routine patrol operations were used as a starting point.
Investigators from the Military Operations Branch of the Submarine Medical Center, utilizing the facilities of the Aerospace Crew Equipment Department, Philadelphia, Pennsylvania, were directed to conduct this experimentation.
BACKGROUND
Thermodynamically, the human body may be considered a core surrounded by a protective outer shell. If the difference between the core temperature and the water temperature is great enough, body heat loss is directly proportional to this difference. Cold stress occurs when large amounts of body heat are lost. McQueen 1 describes amnesia and disorientation at core temperatures below 94.2°F. These results are based on clinical experience with hypothermic anesthesia. Voluntary motion disappears at 80.6°F, and cardiac irregularities have been described when the temperature goes below 90 °F 2 . In the human, the critical low temperature for consciousness is approximately 86 °F. Reports indicate that the untreated, volunteer, immersion subject becomes thermolabile and tends to become poikilothermic and benefit from rescue operations, central temperatures should be maintained above 94°F.
For the most part, the environment controls the skin temperature of the body. Skin temperatures are higher over the trunk and lower over the extremities, usually approximating 91°F. Discomfort occurs at about 88 °F 4 . A skin temperature maintained at 55 °F or below may frequently result in pain and nerve damage. The rate of heat loss in the extremities is considerably higher than the trunk and head areas.
Through the processes of respiration, conduction-convection via the body shell, and by micturition and sweating, loss of body heat takes place during immersion in cold environments. In the process of respiration, inspired air is warmed, humidified, and then expired with the resultant loss of a considerable amount of heat. The amount of loss is proportional to the volume of air breathed per unit of time.
Conduction-convection transfer from the skin to the environment is another mechanism of body heat loss. The loss by this process is proportional to the temperature gradient between the skin and the surrounding medium. The insulative value of the body shell, skin and adipose tissue, the rate at which heat is conducted to the skin via the underlying vascular system, and the thermal capacity and conductivity of the environment, control the rate of heat transfer. Vasoconstriction of the vessels of the "shell" tissues, which function as a heat exchange, and the thickness of the skin and adipose tissue control the rate of heat loss. The thermoconductivity of the skin varies with the degree of vasoconstriction.
Immersion in cold water increases urine output to a significant degree under certain conditions. Experiments conducted by Beckman 3 et al have shown that the urinary volume may be increased to 1-3 liters in 3 hours due to immersion and chilling. Excretion of 2 liters of urine by a diver in 50 °F water could lower the mean body temperature by 1.8 °F.
The balance of the heat loss from the body and the heat gained from metabolism within the body determines the body temperature. Since the rates of heat loss and heat gain may be of large magnitude, the body temperature is a delicate and sensitive indicator of the state of thermal balance.
Behnke and Yaglou 5 showed that, when a group of nude men entered 43 °F water, excruciating pains all over the body were experienced. This was the period of vasoconstriction, when skin temperatures were falling and core temperature was rising. As skin temperatures approximated the water temperature, the pain subsided and central temperature began to fall. Cyanosis and shivering were observed very early and the shivering progressed to a state of violent shaking. In addition to the pain, it is known that as core temperature decreases, there is progressive deterioration and impairment of higher mental processes. At 90°F a condition of stupor exists and unconsciousness occurs in most individuals below 86°F. Drowning becomes a significant problem in cold immersion situations because of less discriminating sensory perception and motor function.
If drowning is prevented by the support of life vests, the effects of immersion hypothermia on cardiac rhythm occurs. Angelakos 6 has shown that, in dogs, anesthetized with pentobarbital, ventricular fibrillation was the predominant mode of death at temperatures of 75 to 68 °F, while cardiac arrest accounted principally xor mortality at lower temperatures -about 62 to 59 °F.
Death may occur after removal from frigid water. This "rewarming shock" has been a commonly-observed phenomenon, and together with electrolyte alterations or irreversible renal, endocrinologic, or other damage, can produce death even after rescue. When possible, a man should be rewarmed in 108 to il2°F water, but great care should be taken never to have the water warmer than 112°F. 7 
Critchley
8 describes the loss of will to live, as the "spiritual failure" and lists it as the cause of 20% of the deaths among immersed personnel. Beckman and Reeves 9 describe the fact that one or two cases of "spiritual failure" in their tests were actually suffering from hypoglycemia. Further, 5 of the 24 subjects (21%) had measurable hypoglycemia, this suggests that hypoglycemia may be the major physiological factor in the socalled "spiritual failure" of shipwrecked survivors.
METHODS AND MATERIALS
Four enlisted submariners were subjects for this project. The physical measurements of the four subjects are listed in Table I *. Each subject was notified 24 hours before his participation and instructed to:
1. Abstain from alcoholic beverages for 12 hours before the experiment.
2. Obtain a normal night's sleep; and 3. Eat a well-balanced breakfast prior to reporting to the laboratory.
No food or water was taken by the subjects during the experiments.
Multipoint surface temperatures were monitored using 15 thermistors. The locations are shown in Table II . Core temperatures were measured, employing a rectal thermistor probe, and a single-lead electrocardiogram was monitored continuously.
Baseline laboratory studies and physical examinations were performed on each subject. A general physical examination, specific anthropomorphic measurements, ECG, CBC, cholesterol, and urinalysis were performed. All laboratory studies were within normal limits. Table III provides anthropomorphic measurements.
The environmental laboratory ( Figure 4 ) was 24 x 24 x 15 feet and contained a pool 18 feet in diameter and 4 feet deep. The following ranges were possible within this laboratory :
1. Air temperature 10°F to 85°F; 2. Water temperature 29°F to 90°F; and Environmental Laboratory and Pool ; All tables appear at end of report, beginning on Page 14.
3. Wind velocity 0-20 miles per hour. Two subjects were tested at a time. All four subjects were exposed to each set of environmental conditions. Each subject completed a pre-trial questionnaire ( Figure 5 ) ; then voided and was weighed nude; the volume and specific gravity of the urine was recorded (Table IV) ; thermistors and ECG leads were attached; and the subjects were dressed in their underwear, dungarees, and a sweater under the Empress suit, or complete standard foul weather gear under the present deck exposure suit. The PVCES or the SDES was donned and thermistor and ECG lead continuity was confirmed. Standard Mark VI thermal boots and British Mark VII gloves were worn with the PVCES. The subjects entered the water and were free to move about the pool ( Figure 6 ). One hospitalcorpsman closely observed each subject. Continuous ECG and temperature measurements were monitored ( Figure 7 ). Subjective comments were elicited from the volunteers and recorded periodically (Figure 8 ).
At the termination of a test, the subject moved to an adjacent rewarming area (Figure 9 .) The room contained a pool of water heated to 110°F. When the condition of the subject was deemed satisfactory, the subject undressed, voided and was re-weighed. A post-exposure medical examination was made, and post-trial questionnaire completed Figure 10) . The subjects were then released to their corpsmen.
The four subjects were exposed to the conditions shown in Table V 4. Cardiac arrythmias. All testing was terminated after six hours, if the above conditions had not caused earlier termination.
Motivation plays a very important role in survival at sea, particularly in cold water. Therefore, it was decided to maintain morale as high as possible in all subjects under all conditions by motivation stimulation through exercise and general harrassment.
RESULTS

Polyvinylchloride exposure suit experiments:
A. 44°F water, 32°F air, 20 MPH wind.
All four subjects sustained 1.5 hours or more of exposure before the experiment was terminated. In most cases objective extremity temperature data forced termination of the run. The following exposure times were attained: (1/4 hour in the water, standing; 1 hour out, standing.) All four subjects completed at least 3 hours of exposure before the experiment was terminated. Three subjects were taken from the water because of low extremity temperature. The fourth man completed the time limit of 6 hours. The following exposure times were attained:
The same four temperature areas showed a decrease in all experiments and these values are shown in Tables X-XIII 
Present submarine deck exposure suit: (SDES):
All four subjects sustained 0.5 hours of exposure or more before the experiment was terminated. In all cases objective extremity temperature data forced termination of the run. The following exposures were attained:
Subjective comments collected during the course of the project noted the following:
A. PVCES:
1. Upon entering the water, both wrist and ankle cuffs admitted water which usually pooled in the low back area. 2. The glove-suit interface was inadequate. This permitted water to enter at the wrists.
3. Once the water entered the suit, it appeared to remain. All subjects reported some warming trends after initial immersion.
4. The neck area contributed somewhat to water entry.
5. As time progressed after the initial entry into the water, the suit appeared to lose part of its buoyancy. This apparently is due to the loss of the air that is trapped within the suit layers.
6. All subjects reported the suit as comfortable and quite workable.
B. SDES:
1. The suit admitted water from all areas (cuffs and neck) immediately upon entry into the water. The neck area was particularly prone to this fault.
2. Water moved freely through the suit and made rewarming of it impossible. Any movement at all greatly increased this process.
3. The suit was very difficult to don and working movements or life-saving movements would be impossible.
4. The subjects did not have one favorable statement about this suit.
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DISCUSSION
The primary purpose of this experimentation was to determine the performance and survival time provided by the "Empress" Polyvinylchloride exposure suit (PVCES) and the present submarine deck exposure suit (SDES) under specific environmental conditions.
A six-hour limit was placed on exposure times because of the following restrictions:
1. The same subjects participated in all experiments.
2. The subjects occasionally participated in two trials within a single week.
3. The subjects who volunteered to participate performed their normal shipboard duties as well.
4. A six-hour exposure would provide reasonable information from which extrapolation to theoretical end-points could be made.
The critical question to be answered was, at what point in time will permanent damage occur to extremities and when will death supervene? The most sensitive tissue in each man under each condition was chosen as the limiting tissue. Permanent tissue damage would be expected with approximately one hour exposure at 40 °F.
The decrease in core temperature for each condition was calculated and extrapolated to 86°F, the theoretical end-point or death. It is at this temperature that most individuals become unconscious, may drown, and in many cases display cardiac irregularities 2 .
Estimating the exposure times, which would produce permanent tissue damage, was accomplished by calculating the rate of temperature change during the late, stable portion of the temperature curve. Extrapolation of the time-temperature curve to a point of 40 °F plus an additional exposure of one hour at this temperature provides the projected end-point.
Survival times were calculated from the rate of core temperature change. Using the value from the highest core temperature reading to the value at the termination of the experiment, extrapolation to the predetermined end-point of 86°F was made. Because this rate of change usually increases at temperatures below 95 °F, valid end-points are difficult to project. Table XXII shows the results of these calculations and the termination times for each experiment under each condition.
The experimental data indicates that additional exposure protection was provided by the Polyvinylchloride exposure suit versus the present submarine deck exposure suit. The inherent buoyancy offered by this suit adds to its desirability. The working mobility and rapid donning qualities of the PVCES are favorable. The suit appears to be durable and possibly only one size suit would be necessary to fit most of the crew.
The glove-suit and boot-suit interfaces were inadequate. Water consistently penetrated these areas. This naturally detracted from the exposure time. Objective temperature measurements in the lower extremities, particularly the large toe, caused early termination of many tests. Pain and cold in the back area were noted.
The exposure times indicate that a man or group of men could survive long enough so that rescue from a "man overboard" situation would be possible. CONCLUSIONS 1. The Polyvinylchloride exposure suit (PVCES) would probably eliminate the immediate exposure casualties that might be expected from men entering cold water.
2. The PVCES did provide reasonable survival time at the extreme environmental condition (44°F water, 32°F air, 20 MPH wind) which was specifically desired.
3. The experimental data indicates that increased exposure protection was provided by the Polyvinylchloride suit versus the present submarine deck exposure suit, (SDES).
4. Considering the rates of temperature change over the times observed, the extremities of the most sensitive men would probably be damaged after about:
A. Polyvinylchloride Exposure Suit:
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